Abstract: Theoretical electronic spectra and natural circular dichroism (CD) spectra of (+)-(S,S)-bis(2-methylbutyl)chalcogenides, Ch[CH 2 CH(CH 3 )C 2 H 5 ] 2 (Ch = S, Se, and Te), were calculated by the symmetry adapted cluster (SAC) and SAC-configuration interaction (SAC-CI) methods. Whereas the calculated CD spectrum for each stable conformation itself did not reproduce the corresponding experimental one, their Boltzmann-averaged spectra showed good agreement with the experimental results. We provided the assignment for each spectral band according to our calculation results. For the telluride compound, temperature dependence of the CD spectra was experimentally observed due to variation in the Boltzmann factor, and our calculations reproduced it qualitatively. The spectral features that we could not reproduce can be attributed to triplet transitions through the spin-orbit interaction effects as well as accuracy incompleteness on the calculation conditions.
Introduction
Circular dichroism (CD) spectroscopy is caused by the differences in absorption intensity between left and right circularly polarized lights [1] , and it is useful to analyze the excitation spectra. Absorption bands in CD spectra are observed at the same energy positions as bands in excitation spectra with either positive or negative intensity. This property provides auxiliary information to band assignments in the excitation spectra, and it is particular practical in the case where there are multiple states in a narrow energy range. However, studies of CD spectra may present some difficulties. First, CD spectra often exhibit complicated shapes which are difficult to analyze. Second, similar to normal excitation spectra, when the band positions are located closely to each other, it is generally difficult to determine the accurate energies of the transitions. Furthermore, conventional organic solvents prevent observation of signals for target molecules in the short-wavelength region owing to absorption of the solvents.
Accurate quantum-chemical calculations may be helpful to predict or analyze unassigned CD spectra and can solve the above problems. The CD spectrum is theoretically obtained by calculating the excitation energies for peak positions and rotatory strengths for spectral intensities. The rotatory strength from the ground to excited states (R ge ) in the dipole length representation is given by: 
where Ψ g and Ψ e are the electronic ground-and excited-state wavefunctions, and μ ele and μ mag are the electronic and magnetic transition dipole moment operators, respectively. So far, many CD calculations have been studied using random phase approximation (RPA) [2] [3] [4] , time-dependent density functional theory (TDDFT) [5] [6] [7] [8] [9] [10] [11] [12] [13] , and configuration interaction (CI) theory [14] [15] [16] [17] [18] , for example, and these methods have reproduced experimental spectra qualitatively. However, the agreement of the calculated spectra with the experimental ones was not always satisfactory, and in some cases, even the signs of the CD intensities were opposite to the experimental peaks. Equation (1) indicates that the calculations should be performed accurately both on the ground and excited states in order to reproduce experimental CD spectra quantitatively. Therefore, to make a reliable theoretical analysis and assignment, one should use a more sophisticated theory. Symmetry adapted cluster (SAC) [19] and SAC-configuration interaction (SAC-CI) [20, 21] methods are electron-correlation theories that can calculate ground and excited states with well-balanced accuracy. This theory has been applied to electronic studies for various systems [22] and has also been employed to obtain the CD spectra theoretically [23] [24] [25] [26] . CD spectra for dichalcogenide compounds (ditellurides, diselenides, disulfides, and dioxides in some studies) have been studied experimentally [27, 28] and theoretically [5, 16, 18, 24] because of interest in the roles and stereochemistry of the chalcogen-chalcogen bonds in polypeptides, proteins, and other biochemical systems. We also carried out the SAC/SAC-CI calculations of CD spectra for twelve dichalcogenide molecules [24] . The calculated spectra were in good agreement with the corresponding experimental spectra, indicating that the SAC/SAC-CI method is very suitable for calculating CD spectra. In that article, we revealed that the differences in CD spectra among cyclic and acyclic dichalcogenide molecules can be understood in terms of the relationship between the dihedral angles and the molecular orbital energies, that the bands are red-shifted as the Ch atoms are replaced with heavier atoms, and so on.
The calculations of CD spectra for monochalcogenide compounds have not been reported as frequently, in spite of the fact that the experimental excitation and CD spectra were observed by Laur for cyclic and acyclic sulfides, selenides, and tellurides [28, 29] . In the preceding studies, the band assignments were performed only for the bands in the UV spectra of sulfide and selenide molecules based on the semi-empirical calculations and the analogy with the sulfides, respectively. We recently carried out the SAC/SAC-CI calculations for cyclic monochalcogen compounds, (−)-(3aS,7aS)-2-chalcogena-trans-hydrindans, and reproduced their experimental UV and CD spectra and provided assignments to the observed bands [25] . In that study, we found that the first singlet excited states are assigned to n-σ* and the other states are assigned to n-Rydberg for all the calculated chalcogen compounds, differently from the previous assignments. On the other hand, for straight-chain monochalcogen molecules, the calculations of the CD spectra have not been reported as far as we know. The experimental excitation and CD spectra were observed by Laur for bis(2-methylbutyl)-chalcogenides, Ch[CH 2 CH(CH 3 )C 2 H 5 ] 2 (Ch = S, Se, Te) [28, 29] , but the band assignments were unconfirmed. One of the difficulties in the CD calculations for these systems is due to the flexibility of the molecule, namely, taking into consideration many conformation variations. The experimental CD intensities for bis(2-methylbutyl)chalcogenide were apparently small compared to other rigid molecules, and it can be attributed to the intensity cancellations among the conformations that have opposite intensities to each other. Furthermore, for bis(2-methylbutyl)telluride, Laur observed temperature dependence of the CD spectra. This indicates that the geometry interconversion among the conformations is restricted in the low temperature.
In this study, we carried out the SAC/SAC-CI calculations for (+)-(S,S)-bis(2-methylbutyl)sulfide (1), (+)-(S,S)-bis(2-methylbutyl)selenide (2) , and (+)-(S,S)-bis(2-methylbutyl)telluride (3) (See Figure  1) , and gave band assignments for the corresponding experimental UV and CD spectra. To consider the thermal effect, we considered 27 conformations for each molecule, and investigated their optimized molecular geometries and energies. The calculated CD spectrum for each stable conformation itself did not reproduce the experimental one, while the Boltzmann-averaged spectra showed good agreement with the experimental ones. Temperature dependence of the calculated spectra was also examined and is discussed in the latter section. 
Computational Details
All the molecular geometries were obtained by the MP2 optimization. Considering flexibility of the straight-chain compounds, we started optimizations from 27 initial geometries for each molecule, namely, three staggered conformation were treated for each bond rotation φ 1 , φ 2 , and φ 3 in Figure 1 , resulting in 3 × 3 × 3 = 27 conformations. Although we also considered the eclipsed conformations for the rotations φ 1-3 , the optimized conformations were converged to the staggered ones in every case.
The basis sets used for the chalcogen (Ch = S, Se, and Te) atoms in the optimization calculations were the uncontracted [3s3p] LANL2DZ [30] [31] . For the C and H atoms, the cc-pVDZ [32, 33] and Huzinaga-Dunning double zeta (D95) with the standard scaling factors [34] basis sets were employed, respectively.
To calculate excitation and CD spectra of bis(2-methylbutyl)chalcogenides, twenty low-lying singlet excited states of the target molecules were calculated by SAC/SAC-CI SD-R method. For bis(2-methylbutyl)telluride, ten low-lying triplet excited states were also calculated. The perturbation selection procedures [35] [36] [37] [32, 33] and D95 basis sets were used for the C and H atoms, respectively. All the calculations were performed using a modified local version of the Gaussian 03 program package [38] . Theoretical excitation and CD spectral curves were drawn by the calculations of the excitation energies, oscillator strengths, and rotatory strengths of each excited state followed by fitting with normalized gaussian functions. The width of the fitting function is characterized by one standard deviation parameter, which was determined in order to reproduce the experimental spectral shapes. We used the dipole-length representation for the calculations of the transition moments and set the gauge origins at the gravity centers for each molecule. Although this representation generally has the gauge origin dependence for the CD calculations, we confirmed that this dependence was small for the molecules in this study.
Results and Discussion

Stable conformations for each ground-state molecule
First, we examined the stable conformations for bis(2-methylbutyl)sulfide (1) . As explained in the preceding section, 27 conformations were considered as the initial geometries (φ 1 = −60°, 60°, 180°, φ 2 = −60°, 60°, 180°, and φ 3 = −60°, 60°, 180°). Table 1 shows the initial and optimized values of φ [1] [2] [3] and relative energies of their optimized geometries for the compound 1. The Boltzmann weight values for each conformation at 298 K are also listed in the table. Generally speaking, the optimized angles are near to the initial values. In the case where the initial angle φ 1 is set to 60°, the optimized angle can be a larger value (~100°). It is interpreted in terms of intramolecular steric repulsion between the two methyl groups in the 2-methylbutyl chains. This repulsion can be relaxed by an increase of the angle φ 1 .
The optimized angles (φ 1 , φ 2 , φ 3 ) = (57.9°, −174.6°, 66.8°) give the most stable conformation. This is derived from the initial angles (60°, 180°, 60°), and we call this conformation (a). Five conformations are found that have energy differences less than 1 kcal/mol to the most stable conformation (a), and we call them (b)-(f) in increasing order of energy. Since the other conformations have too high energies compared to (a)-(f), we ignore these conformations hereafter. Optimized molecular shapes of the sulfide compound for the conformations (a)-(f) are drawn in Figure 2 . Table 1 . Optimizations of the dihedral angles for (+)-(S,S)-bis(2-methylbutyl)sulfide (1).
The angles φ 1-3 stand for the dihedral angles with respect to the rotations around the bonds in Figure 1 . The shapes of the conformations (a)-(f) are drawn in Figure 2 .
Initial angles
[deg] We also performed the corresponding geometry optimizations for bis(2-methylbutyl)selenide (2) and bis(2-methylbutyl)telluride (3) . Similar to the sulfide, six conformations were calculated to be stable conformations for both compounds. The initial and optimized values of φ 1-3 and relative energies of their optimized geometries for the six stable conformations of the compounds 1-3 are summarized in Table 2 . These energy differences are within 1 kcal/mol, and therefore, we have to
consider the conformations (a)-(f) as well as the most stable one in order to reproduce the excitation and CD spectra. The optimized values of φ 1-3 are very similar among the three compounds, and the molecular shapes of the selenide and telluride compounds also resulted in almost the same as the sulfide in Figure 2 . Figure 3 shows individual CD spectra calculated for each conformation of (+)-(S,S)-bis(2-methylbutyl)sulfide (1), together with the experimental spectrum [28] . The CD spectra for the most stable conformation (a) obviously disagree with the experimental one, and the other conformations all the conformations form a band at ca. 5.7 eV. We assigned these states to the two experimental bands. The second band at 6.26 eV in the experimental spectrum is reported as a shoulder peak, indicating that more intense bands are observed at the higher energy region. This might be reproducible theoretically by augmenting the number of excited states to calculate, although such a calculation was not performed in this study. Excitation energies ΔE, oscillator strengths f, rotatory strengths R, second moments −e<r 2 >, and electronic structures of the excited states for the sulfide compound 1 are summarized in Table 3 , together with the experimental data, namely, excitation energy ΔE, molar absorption coefficient ε, and the difference between ε of left-and right-hand circularly polarized lights Δε. Correspondences between the calculated states and the experimental bands are also shown in the table. For example, the vertical line beside the experimental UV band at 5.34 eV in Table 3 means that this band consists of the six states of 1 1 B(a)-1 1 B(e) according to our assignment. Every excited state has one-electron excitations from the #44 MO as main configurations, which is the HOMO of this molecule. The main character of the HOMO is lone pairs (n) on the chalcogen atom. We compared the second moments of the excited states to that of the ground state in order to determine the nature of each state. The lowest excited state, 1 1 A, has a second moment value close to the ground-state one for every conformation, and therefore, we assigned this state to n-σ*. The other excited states were assigned to n-Rydberg excitations judging from the larger second moments of these states. Italic values stand for shoulder peaks. Figure 5 shows the calculated excitation and CD spectra of (+)-(S,S)-bis(2-methylbutyl)selenide (2) together with the experimental spectra [28] . The calculated spectra were obtained by Boltzmann averaging of the conformations (a)-(f) for (2) at 298 K. Like compound 1, the individual CD spectra for each conformation disagree with the experimental one, whereas the averaged spectrum were in agreement. Table 4 shows details of electronic states for the selenide compound 2. All the states are described by excitations from the HOMO (#44) with the n character. The lowest excited state is 1 1 A except for (e) and is assigned to n-σ*. The other states are assigned to n-Rydberg in view of their second moments. For the CD spectra in Figure 5 , several states with mainly positive intensities were calculated at ca. 4.8 eV, and reproduced a positive band at 4.94 eV in the experimental spectrum. These are associated with the n-σ* 1 1 A state for each conformer, as seen from Table 4 . One can observe intense negative peaks at ca. 5.6 eV both in the experimental and theoretical spectra. This peak is mainly assigned to the 2 1 A states for the conformations (a)(b)(f), and the 2 1 B states for (a)(b) also contribute to the band intensity slightly. For the excitation spectra, the weak band is observed at 4.92 eV in the experiments and corresponds to the 1 1 A states for all the conformers similar to the CD spectrum. On the other hand, the interpretation of the intense band at 5.58 eV is somewhat difficult.
Excitation and CD spectra of bis(2-methylbutyl)sulfide
conformations (a)-(f) of (+)-(S,S)-bis(2-methylbutyl)sulfide (1).
SAC-CI Experiments
Excitation and CD spectra of bis(2-methylbutyl)selenide
We have a spectral peak at ca. 5.2 eV and a broad band at the higher energy region in our calculations. One can associate the peak at 5.2 eV with the experimental one at 5.58 eV, and according to this interpretation, this peak is mainly assigned to the 1 1 B states. However, this interpretation is rather unnatural considering that the peak at 5.64 eV in the experimental CD spectrum was mainly assigned to 2 1 A. Therefore, we suggest that the peak at 5.58 eV in the experimental UV spectrum is constructed by many electronic states on 5-6 eV, and it is assigned to the 1 1 B, 2 1 B, and 2 1 A states (n-Rydberg excitation). Introduction of the effect of the vibrational states can improve the intensities in the calculated UV spectrum although it is not examined in this study. cgs unit), second moments −e<r 2 > (in au), and electronic structures of the excited states calculated for all the conformations (a)-(f) of (+)-(S,S)-bis(2-methylbutyl)selenide (2). Although a very weak negative band is observed at 4.52 eV in the experimental CD spectrum, we can find no (singlet) electronic states in this energy region. It can be attributed to triplet excited states through the spin-orbit interaction.
SAC-CI Experiments
State
Excitation and CD spectra of bis(2-methylbutyl)telluride
The calculated excitation and CD spectra of (+)-(S,S)-bis(2-methylbutyl)telluride (3) together with the experimental spectra [28] are shown in Figure 6 The calculated spectra were obtained by Boltzmann averaging of the six conformations at 298 K, as in the cases of compounds 1 and 2. Our calculation results reproduced their experimental spectral shapes on the whole.
Details of electronic states for the telluride compound 3 are summarized in Table 5 . Also for this molecule, all the excited states are described by electron promotions from the HOMO (#44) with the n character. The lowest excited state for each conformation is 1 1 A and is assigned to n-σ*. The other states are assigned to n-Rydberg judging from their second moments. respectively. However, we could not reproduce the other experimental bands in the present calculations. The very weak peaks are observed at 3.28 and 3.49 eV, whereas no (singlet) states were calculated in this energy region. They are probably associated with the triplet excitations because the lowest triplet state 3 1 A was found at 3.70 eV in our calculations. Also for the shoulder band at 5.56 eV, the corresponding bands did not appear in the calculated spectrum. This disharmony could be attributed to triplet excitations and/or insufficiency of calculation accuracy including consideration of the vibronic coupling, and therefore, more accurate calculations are required for conclusive analyses and assignments on this molecule. In the experimental excitation spectrum, two weak bands are observed at 3.48 and 4.31 eV, and two intense bands are found at 5.21 and 5.77 eV. The first peak at 3.48 eV corresponds to the CD bands at3.28 and 3.49 eV and is expected to be due to triplet excitations. The second peak at 4.31 eV is assigned to the n-σ* 1 1 A states for all the conformers, which can correspond to the positive band at 3.97 eV in the CD spectrum. For the intense band at 5.21 and 5.77 eV, we have a broad band at the energy region higher than ca. 4.7 eV in our calculations and suggest that the intense bands in the experimental UV spectrum are constructed by many electronic states, similar to compound 2. They are assigned to the 1 1 B, 2 1 B, and 2 1 A states for all the conformation (n-Rydberg excitation). Since Boltzmann weight factors are dependent on temperature, the ratio among the conformations is also changed by the temperature. Therefore, if temperature dependence of the spectra is observed, we can calculate and compare it with the experimental one. Figure 7 shows the experimental [28] and calculated CD spectra of compound 3 at 93, 153, and 213 K. Our calculations reproduced the observed spectral change qualitatively. Generally speaking, increases in temperature will reduce CD intensities because intensity cancellation can easily occur among the conformations with the opposite intensities. The CD spectra in Figure 7 also exhibit this tendency on the whole, in particular for the calculated spectra. In the experimental spectra, the most intense wavelength is dependent on the temperature, while no dependence was observed in the calculated ones. Although the origin of this feature is unknown at present, we speculate that it can be associated with the conformation dependence of the triplet excitation energy for the n-Rydberg states. [28] and calculated (lower) CD spectra for (+)-(S,S)-bis(2-methylbutyl)telluride (3).
Conclusions
Theoretical electronic excitation and natural circular dichroism (CD) spectra of (+)-(S,S)-bis(2-methylbutyl)chalcogenide, Ch[CH 2 CH(CH 3 )C 2 H 5 ] 2 (Ch = S, Se, Te), were calculated by the symmetry adapted cluster (SAC) and SAC-configuration interaction (SAC-CI) methods. These compounds have six stable conformers, and the Boltzmann-averaged spectra for those conformers showed good agreement with the experimental results. The lowest bands were assigned to n-σ* and the others were to n-Rydberg for the compounds 1-3 in common. For the telluride compound 3, some spectral characteristics were not reproduced in our calculations, namely, weak bands at ca. 3.4 eV, a shoulder peak at ca. 5.5 eV, and temperature dependence of the band at ca. 5.0 eV. The bands at ca. 3.4 eV can be attributed to triplet transitions through the spin-orbit interaction effects. For the bands at ca. 5 eV, triplet excitations and/or accuracy insufficiency would cause lacks of the bands in our calculations, and further investigations are necessary for conclusive discussions. 
